We report the first observation of coherent plasmon emission of THz radiation from arrays of semiconductor nanowires. The THz signal strength from InAs nanowires is comparable to a planar substrate, indicating the nanowires are highly efficient emitters. This is explained by the preferential orientation of plasma motion to the wire surface, which overcomes radiation trapping by total-internal reflection. Using a bulk Drude model, we identify the average donor density and mobility in the nanowires in a non-contact manner. Contact I-V transconductance measurements provide order of magnitude agreement with values obtained from the THz spectra.
INTRODUCTION
The development of electromagnetic radiation sources on the nano-scale is an area of current active research. The THz spectral region is particularly interesting because structures can be fabricated with sub-wavelength dimensions. Nanowires are receiving increasing attention for use as lasers, light-emitting diodes, waveguides, and inter-connects. The study of nanowire optics at far-infrared frequencies, however, has only just commenced. 1 We report what we believe is the first observation of THz emission from freestanding semiconductor nanowires. When excited with ultrashort laser pulses, high mobility InAs nanowires act as sub-wavelength antennas that can efficiently couple far-infrared radiation from coherent plasmons into free-space.
Excitation of semiconductor surfaces by ultrashort laser pulses with photon energy above the band gap energy can produce THz emission through a variety of mechanisms. Radiation from optical rectification, 2 current surge, 3 coherent plasmons, 4 and coherent phonons 5 have all been observed. Ultrafast charge transport perpendicular to the surface, however, leads to macroscopic dipoles that are poorly oriented for efficient coupling of radiation to free space. The vast majority of this dipole radiation is trapped because of total internal reflection; the problem is illustrated schematically Fig. 1 (top) . It has been shown that dc magnetic fields (∼ 1 T) can rotate charge motion via the Lorentz force and dramatically increase the emitted radiation. 6, 7 Another approach is to make the air-semiconductor interface perpendicular to the primary radiation lobe; this has been accomplished with a high-index prism.
8 A free-standing semiconductor nanowire, as we show here, addresses the trapping problem by having its primary surface parallel to the direction of charge transport with a radiating volume much smaller than the free-space wavelength, i.e. λ 3 . This results in an effective material refractive index of ∼ 1, which essentially eliminates total internal reflection. The effect is sketched in Fig. 1 (bottom) . Figure 2 presents the calculated enhancement of radiation outcoupling of an InAs nanowire compared to a bulk substrate as a function of observation angle θ 0 .
When illuminated with ultrashort near-infrared laser pulses, InAs will re-radiate a broadband THz pulse due to non-phasematched optical rectification of the excitation pulse spectrum.
9 At lower irradiance, nonlinear (χ 2 ) rectification is dramatically reduced and the radiation is primarily driven by ultrafast charge transport. This charge may be optically injected by the pump pulse (i.e. photocarriers that generate a current surge) or it may be the motion of a cold, quiescent charge distribution in the material. The former effect generally leads to a half-cycle THz pulse caused by ultrafast, ambipolar diffusion of hot electrons and holes known as the photoDember current. 10 The photo-Dember effect has been shown to be operative in narrow-gap semiconductors such as InAs. 6, 11 In addition, the ultrafast Dember field transient can excite cold carriers in the bulk as the result of long-range Coulomb coupling to mobile charges. Cold carriers move to screen the surface field perturbation, which starts coherent plasma oscillations that can also radiate at THz frequencies.
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Our experiments have shown that cold coherent plasmons are the primary THz radiation source in InAs in the low irradiance regime (i.e. where optical rectification is negligible). Coherent plasma behavior is well described by the classical Drude model.
EXPERIMENT
We grow single crystal InAs nanowires in a process that is detailed elsewhere.
14 Briefly, a (111) GaAs(B) substrate is coated with a 1 nm Au layer and heated in the presence of AsH 3 . This causes the formation of AuGa seed particles on the substrate surface. Upon exposure to TMIn, InAs nanowires grow from the AuGa seeds. The nanowires have a length of roughly 15 μm, diameter tapering from 150 to 50 nm, and a surface coverage of ∼ 0.2 μm 2 . We assume that quantum confinement of electrons and holes is negligible and bulk transport is applicable. An SEM photograph of a typical sample is presented in Fig. 3 . Three different samples are studied: 1) a nanowire array similar to that shown in Fig. 3 ; 2) a slightly n-doped InAs planar substrate; and 3) a control sample that is identical to Sample 1 except the nanowires are removed. Sample 3 is a 200 nm InAs wetting layer on a GaAs substrate. The control sample is essential to isolate the contribution of the InAs wires from the InAs wetting layer, which builds up during the growth process.
We perform ultrafast THz spectroscopy using a system that has a uniform, broadband spectral response exceeding 10 THz.
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Autocorrelation signals are generated using a Michelson interferometer arrangement. Two pump pulses from a mode-locked Ti:sapphire laser oscillator (duration: 60 fs; center wavelength: 820 nm) are focused on the room temperature sample substrate at a 45
• angle of incidence and slightly separated positions with adjustable delay. The emitted electromagnetic radiation is collected in the specular direction and focused on a liquid-He cooled Si bolometer. The interferometric signals are not phase-resolved, but do provide the frequency and coherence length of the far-infrared electromagnetic pulse.
In a second setup, 30-fs pulses from a regeneratively amplified, 1 kHz Ti:sapphire laser system are incident on the sample without focusing. Phase-resolved THz transients are detected using a (110) ZnTe crystal and free-space electro-optic sampling. 
RESULTS
Linear interferograms obtained with an n-InAs planar substrate and InAs nanowire sample using the bolometer setup are presented in Fig. 4 (left) . The traces and corresponding Fourier spectra (Fig. 4, right) Electric beld (a u) 0 originate primarily from optical rectification or a photo-Dember current, the spectra would be much broader. Remarkably, the amplitude of the signals obtained with the nanowires is only ∼ 2 times weaker than the substrate, despite the fact that the fill factor of the former is only of the order of 0.01. This confirms the predicted high radiation efficiency of individual wires suggested by the simple analysis presented in Fig. 2 . The control sample consisting of a GaAs substrate and an InAs wetting layer shows no discernible signal on the scale of Fig. 4 (data  not shown) . This proves the observed signal originates in the nanowires. Complementary data is derived from the regeneratively amplified Ti:sapphire laser system and phase-resolved electro-optic sampling. Figure 5 shows similar THz radiation transients for the substrate (top) and nanowires (bottom), consistent with heavily damped coherent plasma motion.
The coherent plasma starting mechanism is not well understood. A photo-Dember field requires the presence of a spatially inhomogeneous distribution of photocarriers in the wires to initiate ultrafast diffusion. The diameter of the wires is comparable to the absorption depth of 800 nm light in InAs, which presents the possibility of inhomogeneous photo-excitation at non-normal incidence. Alternatively, AuGa nanoparticles are present at the tips of the wires, likely causing a space-charge field at the metal-semiconductor interface. Ultrafast screening of this field could launch coherent plasma motion, as occurs in GaAs.
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The time-dependent motion of the plasmon x(t) is described by the classical, one-dimensional harmonic oscillator 18 :
where E(z, t) is the position-dependent electric field transient, γ is the momentum relaxation rate which defines the mobility, e is the electronic charge, m * is the electron effective mass (m * = 0.023m at the Γ-valley of InAs), and
is the plasma frequency (mks units). N is the density of the cold background electrons, i.e. excluding the hot electron-hole pairs injected by the ultrashort pump pulse. The THz signals radiate at a frequency:
Analysis of the nanowire data displayed in Fig. 4 assuming an electron-donor ion plasma (i.e. neglecting holes) estimates an electron density for the wire ensemble in the range 0.5-2 ×10 15 cm −3 and mobility of 12,500 cm 2 /V s. The extracted mobility is only about 2 times smaller than we measure with the InAs substrate. It should be noted that the ultrafast experiments will tend to underestimate the intrinsic mobility due to momentum relaxing collisions of cold electrons with hot, photo-injected holes. Contact transconductance measurements are made with individual nanowires of varying radius. These are performed as two separate measurements involving: i) wires fabricated as field-effect transistors and ii) a tunneling microscope nanoprobe. 19 Results are shown in Fig. 6 indicating an electron density in the range 4 ×10 16 -2 ×10 18 cm −3 and mobility spanning 100-3000 cm 2 /V s.
